Response to the photoperiod in the white and brown adipose tissues of Fischer 344 rats fed a standard or cafeteria diet. by Gibert-Ramos, A. et al.






The following full text is a publisher's version.
 
 





Please be advised that this information was generated on 2020-09-09 and may be subject to
change.
Response to the photoperiod in the white and brown adipose tissues of Fischer 344
rats fed a standard or cafeteria diet☆
Albert Gibert-Ramosa,⁎, Maria Ibarsa, M. Josepa Salvadóa,⁎, Anna Crescentib
aUniversitat Rovira i Virgili, Department of Biochemistry and Biotechnology, Nutrigenomics Research Group, Tarragona, Spain
bEurecat, Centre Tecnològic de Catalunya, Unitat de Nutrició i Salut, Reus, Spain
Received 2 May 2018; received in revised form 24 March 2019; accepted 25 April 2019
Abstract
Researchers are identifying new factors that contribute to the obesity epidemic, with changes in the photoperiod as one promising risk factor. To study the
influence of the photoperiod on adipose tissue, Fischer 344 rats were treated for 14 weeks with a long day (18 h light:6 h dark; LD) or a short day (6 h light:18 h
dark; SD) and fed a standard diet (STD). Biometric measures, postprandial plasmatic parameters, gene expression in the retroperitoneal white adipose tissue
(RWAT) and brown adipose tissue (BAT) and histology of the RWAT were analyzed. A second experiment with the same conditions and analysis was performed
for 11 weeks with rats fed a cafeteria diet (CAF). In the STD experiment, the SD increased triglycerides and showed a tendency to reduce fat compared to the LD.
In the RWAT, genes implicated in adipogenesis, lipogenesis and lipolysis were down-regulated, and the histological results showed a higher percentage of small
adipocytes in the SD without changes in their total number. In the CAF experiment, lipogenesis and adipogenesis gene expression was increased in the SD, while
adipocytes were smaller and their number increased. Both experiments showed in the SD a decrease in the BAT expression of lipid uptake and β-oxidation genes,
while only the STD additionally showed a reduction in Ucp1 expression. In conclusion, the RWAT morphology and the expression of key genes for lipid
metabolism in RWAT and BAT were influenced by the photoperiod; however, the changes observed in the RWAT were different depending on the diet.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Obesity is a major health problem, defined by the World Health
Organization as an “abnormal or excessive fat accumulation that
presents a risk to health,” caused by an imbalance between caloric
intake and calorie expenditure [1]. Its primary consequence is the
predisposition to insulin resistance, cardiovascular diseases, muscu-
loskeletal disorders and a major risk factor for some cancers, among
others [1]. The obesity epidemic has been principally attributed to
modern habits, principally to a reduction in physical activity and an
increase in energy-dense food intake. However, these factors alone are
not enough to explain the rapid increase in the incidence of obesity,
and therefore, other environmental factors are being studied [2,3]. In
this sense, numerous studies show that the disruption of the circadian
clock or its desynchrony can induce obesity [4,5]. For example, night-
shift workers have a higher risk of developing metabolic syndrome
than people whowork during the day [6,7]. There is also evidence that
a short photoperiod exposure decreases adiposity in Siberian
hamsters [8]. These reports suggest a close relation between fat
mass and the photoperiod and its importance in health.
Seasonal animals adapt to the environment in order to survive the
changing conditions during the year and breed when the situation is
more suitable. These animals are able to recognize the length of the
day or photoperiod, which allows them to predict the season of the
year in anticipation, before the environment changes [9]. The response
to the photoperiod is controlled by the suprachiasmatic nucleus (SCN)
in the hypothalamus [10], being the primary component of the
molecular clock [11]. At the same time, an equal clock is present in
other regions of the organism, named the peripheral clock, entrained
principally by the central clock in the SCN [11].Moreover,while light is
critical to maintain the clock's synchronization, other factors, such as
food consumption, can also entrain the molecular clock. Thus,
metabolic processes can be decoupled from the SCN-driven clock
when food intake is desynchronized from the light/dark cycle [12]. In
humans, the effects of seasonality are also observed. During the year,
we can detect fluctuations in body fat mass caused by different factors
that change the levels of energy intake and energy expenditure [13].
Even though these adaptations are useful in some environments,
currently, they can pose a problem. For example, an increased
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subcutaneous adipose tissue offers insulation from the cold, with the
counterproductive effect of an increase in the body's fat percentage
[14].
The white adipose tissue (WAT) is the primary organ for energy
storage in animals. This organ is primarily composed of adipocytes,
which store triglycerides (TAG) as lipid droplets that occupy 90% of its
total volume [15], and it can cause obesity when it grows excessively.
WAT has been reported to be affected by the photoperiod. Exposure of
photoperiodically sensitive rodents in a long day (LD) photoperiod
demonstrated an increase in fat content [16,17]. On the other hand,
brown adipose tissue (BAT) is a highly oxidative tissue found in
determinate areas of mammals. Specifically, BAT of rodents can be
found in interscapular and perirenal areas, among others. This tissue is
specialized in thermogenesis using the uncoupling protein 1 (Ucp1), a
protein found in the innermitochondrialmembrane that separates the
oxidative phosphorylation from ATP production [18]. BAT activity has
been found to be negatively correlated with obesity and diabetes [19].
While the physiological function ofWAT is to store lipids, the function
of BAT is thermoregulation and energy expenditure. [20]. Additionally,
there is evidence that BAT is also influencedby the photoperiod since it
has been shown that BAT is inactivated when light exposition is
increased in mice [21], and a similar effect has been observed in
Siberian and desert hamsters [22,23].
Photoperiod responsive animals have been used in research to
better comprehend circadian and circannual cycles. Using different
light and dark lengths, researchers can mimic the seasonal variation
observed in nature and therefore the physiological effects on
laboratory animals. Fischer 344 rats have been reported to display a
strong response to the photoperiod [16,24–26] and therefore can be
used as a model to study how animals adapt to the season.
This studywas designed to better understandhow the photoperiod
influences adipose tissues and if the influence depends on diet, which
could be of importance in relation to the human obesity epidemic.
Thus, the first objective of the study was to analyze how the exposure
to an LD or short (SD) photoperiods affects the BAT and WAT
metabolism. Moreover, we performed a second independent exper-
iment with rats fed a cafeteria (CAF) diet, a highly palatable diet that
induces voluntary hyperphagia and that contains high quantities of fat
and sugar [27], with the objective of analyzing how the photoperiod
affects the BAT and WAT metabolism in an obesogenic diet.
2. Methods and materials
2.1. Animals and treatments
The 12 animals used for the first experiment were 2-month-old male Fischer 344/
IcoCrl rats (Charles River Laboratories, Barcelona, Spain) fed with a standard chow diet
(STD) (Panlab, Barcelona, Spain)with a caloric distribution (3.2 kcal/g) of 19.3% protein,
8.4% fat and 72.4% carbohydrates. The animals were housed two animals per cage at
22°C and 55% humidity and with free access to food and water. The animals were
randomly distributed into two groups (n=6) depending on the photoperiod to which
they were exposed, LD (18 h light: 6 h dark) and SD (6 h light: 18 h dark), for 14 weeks.
For the second experiment, 20 Fischer 344/IcoCrl rats, 2 months old, were fed a CAF
ad libitum, consisting of bacon, biscuits with pâté and cheese, muffin, carrots and
sweetened milk (22% sucrose w/v) in addition to the standard chow diet [27]. The
caloric distribution of the CAF diet (5.28 kcal/g) was 10% protein, 31.9% fat and 58.1%
carbohydrates. The foodwas freshly provided daily. This high-fat, high-sugar dietmodel
is based on appetizing ingredients that induce voluntary hyperphagia, increasing fat
and sugar ingestion [27]. Animals were also randomly distributed into two groups (n=
10) and exposed to an LD or SD photoperiod for 11 weeks.
For both experiments, body weight and food intake for the animals were recorded
every week. One week prior to sacrifice, fat mass and lean mass were analyzed by
quantitative magnetic resonance using an EchoMRI-700 (Echo Medical Systems, LLC.,
TX, USA)without anesthesia. At the end of the experiment, all animalswere sacrificed in
the fed state by decapitation, and blood was collected from the neck, stored at room
temperature for 45 min and centrifuged at 1200g for 10 min to collect the serum.
Retroperitoneal white adipose tissue (RWAT) and interscapular BAT were rapidly
removed after death, weighed, frozen in liquid nitrogen and stored at −80°C until
further analysis.
The Animal Ethics Committee of the University Rovira i Virgili (Tarragona, Spain)
approved all of the procedures, and the university guidelines for the use and care of
laboratory animals were followed.
2.2. Plasma analysis
Enzymatic colorimetric kits were used for the determination of plasma TAG (QCA,
Barcelona, Spain) and nonesterified fatty acids (NEFAs) (WAKO, Neuss, Germany).
Insulin levels were quantified with a rat-specific enzyme immunoassay kit (Millipore,
Madrid, Spain).
2.3. RNA extraction and quantification by real-time qRT-PCR
Total RNA from RWAT and BAT was extracted using Trizol reagent (Thermo Fisher,
Madrid, Spain) following themanufacturer's instructions. RNA yield was quantified in a
Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and
the integrity of the RNA was confirmed using agarose gel electrophoresis.
Overall, 0.5 μg of total RNA was reverse transcribed using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Madrid, Spain) in a Multigene Thermal
Cycler (Labnet, Madrid, Spain), and for Q-PCR, the CFX96 real-time system C1000 Touch
Thermal Cycler (Bio-Rad, Barcelona, Spain) with the iTaq™ Universal SYBR Green
Supermix (Bio-Rad, Barcelona, Spain) was used. The primers for the different genes are
described in Supplementary Table 1 and were obtained from Biomers.net (Ulm,
Germany). The relative expression of each mRNA was calculated as a percentage of the
vehicle group using the 2−ΔΔCt method [28], with Peptidylprolyl Isomerase A (Ppia),
Actin Beta (Actb) and Hypoxanthine Phosphoribosyltransferase 1 (Hprt1) as the
reference genes. Each PCR was performed at least in duplicate.
2.4. Western blot
Ucp1 protein content in BAT was determined by Western blot. Tissues were
homogenized in RIPA (Radio-Immunoprecipitation Assay lysis buffer), and the protein
was extracted and stored at −20°C. Protein content was quantified using the BCA
protein assay kit (Pierce, Rockford, IL, USA), following manufacturer's instructions.
Overall, 15 μg of protein in Laemmli loading buffer was denatured and loaded into
10% acrylamide gel made with TGX Fast Cast Acrylamide Solutions (BioRad, Barcelona,
Spain) and run at 90 V for 75 min. Gel transference into a PVDF membrane was done
using the Trans-Blot Transfer System (Bio-Rad, Barcelona, Spain), with the Trans-Blot
Table 1
Biometric measures, food intake and serum parameters of Fischer 344 rats treated with LD or SD photoperiods and fed with an STD or CAF diet
STD CAF
LD SD LD SD
Weight (g) 386.5±12.66 370.33±10.99 411±7.77 407.1±12.03
Accumulated caloric intake (kcal) 504.79±11.67 507.07±0.43 1384.21±38.91 1298.52±48.45
Fat (g) 55.64±4.41 45.06±1.29 # 89.51±3.8 85.84±3.27
Lean (g) 309.74±8.96 295.76±8.19 291.95±5.14 294.5±8.32
Fat (%) 14.38±0.75 12.52±0.34 # 22.03±0.63 21.53±0.79
Lean (%) 80.71±0.67 80.94±1.04 72.07±0.54 73.68±0.76 #
BAT (g) 0.35±0.04 0.47±0.16 0.521±0.019 0.581±0.025 #
BAT (%) 0.092±0.01 0.086±0.017 0.127±0.005 0.142±0.005 *
TAG (mg/dl) 142.06±7.74 197.90±14.45 * 437.02±30.47 444.19±42.34
Insulin (ng/ml) 5.54±0.73 4.04±0.66 6.59±0.47 5.82±0.24
NEFA (mg/dl) 22.49±3.31 23.34±1.74 44.28±5.15 42.74±6.66
Measures of Fischer 344 rats fed STD (n=6) during 11weeks or CAF (n=10) during 7weeks and held in LD and SD photoperiods in two independent experiments. Data are presented as
the mean±S.E.M., and both groups in the STD or CAF are compared with Student's t test (*Pb.05; # Pb.1).
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Turbo Mini PVDF Transfer Packs (Bio-Rad, Barcelona, Spain), following manufacturer's
instructions. The membrane was blocked and then incubated with anti-UCP1 antibody
(Abcam, Cambridge, United Kingdom) at 4°C overnight. Afterwards, themembranewas
incubated 2 h with the secondary antibody (GE Health Care Life Sciences, Barcelona)
and detectedwith the chemiluminescent reagent ECL SelectWestern Blotting Detection
Reagent (GE Healthcare, Barcelona, Spain); protein levels were quantified with the
ImageJ open source software [29] and relativized to Actb protein levels.
2.5. Histology
For histological analyses, frozen RWAT samples were thawed and fixed in 4%
formaldehyde. The tissue underwent successive dehydration and paraffin infiltration–
immersion (Citadel 2000, HistoStar, Thermo Scientific, Madrid, Spain), and the paraffin
blockswere cut into 2-μm-thick sections using amicrotome (MicromHM355S, Thermo
Scientific). The sections were subjected to automated hematoxylin–eosin staining
(Varistain Gemini, Shandom, Thermo Scientific) [30].
Sections were observed and acquired at ×10 magnification using AxioVision Zeiss
Imaging software (Carl Zeiss Iberia, S.L., Madrid, Spain). The area of adipocytes was
measured using the Adiposoft open source software (CIMA, University of Navarra,
Spain). Six samples per group were analyzed for experiments 1 and 2. Four fields per
sampleweremeasured. The adipocyte areawas calculated from the average value of the
area of cells in all measured fields for each sample. The total adipocyte number was
calculated using the formula (
6
Þ  ð32  d þ d3Þ, where d is the mean diameter and σ is
the standard deviation of the diameter, to obtain the average adipocyte volume [31];
afterwards, we converted this value to the average adipocyte weight using the
adipocyte density (0.92 g/ml), and to obtain the total adipocyte number, the weight of
the RWAT depot was divided by the average adipocyte weight, as proposed by
Lemonnier [32]. The frequencies of adipocytes were calculated by distributing all
counted cells per sample into two groups according to their area, b5000 μm2 orN5000
μm2; then, the number of total counted adipocytes was used to calculate the percentage
of adipocytes in both categories.
2.6. Statistical analysis
The SPSS software (SPSS, Chicago, IL, USA)was used for the statistical analysis. Data
are expressed as the mean±S.E.M., and significant differences were analyzed by
unpaired Student's t test. A P value ≤.05 was considered statistically significant, while a
P value ≤.1 was considered a tendency (#P≤.1). A varimax-rotated principal component
analysis (PCA) was performed with XLSTAT (Addinsoft, Paris, France) to assess the
relationships between our variables. Specifically, 12 samples per experiment and 27
variables were used: biometric and metabolic parameters, gene expression in RWAT
and BAT, and adipocyte area and number. Gene expression levels ofUcp1 and Prdm16 in
the RWATwere undetectable in the CAF experiment; thus, theywere not included in the
analysis. Ucp1 protein levels in the BAT of STD rats and Fasn protein levels in the RWAT
of the CAF experiment were also excluded from the PCA analysis because these
parameters were not analyzed in the CAF and STD groups, respectively. The Kaiser–
Meyer–Olkin index of our variables was N0.5. After data scaling, the analysis was based
on the correlation matrix, and a principal component (PC) was considered to be
significant if it contributed to N5% of the total variance. Only variables with an absolute
loading of±0.40 on a given PC were used to describe the PCA and interpret the results.
Fig. 1. mRNA expression levels in the RWAT of Fischer 344 rats treated with LD and SD photoperiods fed either with STD or CAF. Expression of genes related with lipogenesis, lipolysis,
adipogenesis and thermogenesis of the RWATof Fischer 344 rats fedwith STD during 11weeks (n=6) (A) or CAF during 7weeks (n=10) (B), and treatedwith LD (18 h light:6 h dark) or
SD (6 h light:18 h dark) photoperiods. Data are presented as the ratios of gene expression relative to Actb, Ppia and Hprt and expressed as a percentage of the LD group, set at 100%. The
results are presented as the mean±S.E.M., and the LD and SD photoperiods are compared with Student's t test (*Pb.05; #Pb.1) for each diet.
Fig. 2. Fasn protein levels in the RWAT of rats treated with SD or LD photoperiods fed
CAF. Protein levels were measured by Western blotting of the protein content of the
RWATof Fischer 344 rats fedwith CAF during 7weeks (n=10) and treatedwith LD (18h
light: 6 h dark) or SD (6 h light: 18 h dark). Data are normalized to Actb and relativized
to the LD group, set at 100%. The results are presented as themean±S.E.M., and the data
are compared with Student's t test (*Pb.05).
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3. Results
3.1. Biometric and metabolic parameters
Rats fed the STD or the CAF diet showed no significant differences
in final body weight and food intake between the studied photope-
riods (Table 1). Additionally, no differences in body weight and
accumulated food intake were found during the study (Supplemen-
tary Fig. 1A).
In rats fed the STD, fat (gr, %) showed a tendency (P=.059, P=.063) to
be lower in the SD group compared to the LD group. Furthermore, TAG
serum levelswere significantlyhigher in the SDgroup than in the LDgroup,
while no differences were found in insulin and NEFAs levels (Table 1).
In rats fed the CAF diet, a significant increase in BAT (%) and a
tendency for BAT (gr) (P=.067) were observed in the SD group
compared to the LD group. Furthermore, the lean mass (%) of rats in
the SD group was increased compared to the LD group, although the
increase was not statistically significant (P=.1) (Table 1). Sugar
consumption from the CAF diet was calculated; however, no
differences among the groups were observed (data not shown). No
significant differences were found in plasmatic parameters between
the studied photoperiods.
3.2. Gene expression in RWAT
In animals fed the STD, the photoperiod altered the expression of
lipogenesis genes; Fasn expression levels were significantly lower in the
SD animals than in the LD animals, and a similar effect was observedwith
Acacα expression levels; however, the differences were not significant
(P=.066). The expression levels ofMgl,Atgl andHsl, which are involved in
Fig. 3. Adipocyte area, adipocyte number and adipocyte area frequencies of the RWAT of rats treated with SD or LD photoperiods fed either with STD or CAF. Histological study of the
morphology of the RWAT of Fischer 344 rats fedwith STD during 11weeks (n=6) (A) or a CAF during 7weeks (n=10) (B) and treatedwith LD (18 h light: 6 h dark) or SD (6 h light: 18 h
dark). A representative picture of the cafeteria groups is shown (C). For frequencies, adipocytes were distributed in two groups depending on their areas (b5000 or N5000 μm2). Data are
presented as the mean±S.E.M., and statistical significance is analyzed via Student's t test (*Pb.05; #Pb.1).
85A. Gibert-Ramos et al. / Journal of Nutritional Biochemistry 70 (2019) 82–90
lipolysis, and C/ebpα and Pparγ, which are involved in adipogenesis, were
significantly lower in the SDanimals than in the LD animals. Furthermore,
the expression levels of Ucp1 and Prdm16 genes, which are related to
thermogenesis, were also significantly reduced in the SD animals
compared to the LD animals (Fig. 1A).
In animals fed the CAF, the expression levels of Acacα, Fasn and C/
ebpα geneswere significantly increased in the SD animals compared to
the LD animals (Fig. 1B). Expression levels of Ucp1 and Prdm16 were
undetectable in both groups (data not shown).
3.3. Fasn protein levels in the RWAT
We decided to quantify Fasn protein levels in the RWAT of CAF
animals to further study the changes already observed in gene
expression. Fasn protein levels were significantly increased in the SD
animals compared to the LD animals (Fig. 2).
3.4. Histology of RWAT
Rats fed with STD and treated with the SD photoperiod showed a
significant increase in the frequency of adipocytes smaller than 5000
μm2. Adipocyte area, though not significant (P=.06), was also smaller
in the SD group. No differences between the groups were observed in
the total number of adipocytes in the RWAT (Fig. 3A).
Rats fedwith CAFdiet and treatedwith the SDphotoperiod showed
differences in adipocyte frequencies, with a higher number of small
adipocytes compared to the LD animals. Moreover, they showed
significantly smaller adipocyte areas and a higher total adipocyte
number compared to the LD animals (Fig. 3B).
3.5. Gene expression in the BAT
In rats fed the STD, the expression levels of the genes involved inβ-
oxidation were significantly decreased for CPT1b and Had and
significantly increased for Pparα in the SD animals compared to the
LD animals. For genes involved in lipid uptake, the gene expression
levels of Cd36, Lpl and Fatp1 were significantly downregulated in the
SD animals compared to the LD animals. For genes involved in
thermogenesis, the expression levels of Ucp1 were significantly
decreased in the SD animals compared to the LD animals. Prdm16
gene expression levels, although not significant (P=.063), were
decreased in the SD animals compared to the LD animals (Fig. 4A).
Fig. 4. mRNA expression levels in BAT of rats treated with SD or LD photoperiods fed either STD or CAF. Expression of genes related with β-oxidation, lipid uptake and thermogenesis of
the BAT of Fischer 344 rats fed with STD during 11 weeks (n=6) (A) or CAF during 7 weeks (n=10) (B) and treated with LD (18 h light: 6 h dark) or SD (6 h light: 18 h dark). Data are
presented as the ratios of gene expression relative to Actb, Ppia and Hprt and expressed as a percentage of the LD group, set at 100%. The results are presented as the mean±S.E.M., and
the LD and SD are compared with Student's t test (*Pb.05; #Pb.1) for each diet.
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In rats fed the CAF diet, we observed the expression levels
significantly decreased forHad, Cd36 and Fatp1 genes and significantly
increased for Pparα gene in the SD animals compared to the LD
animals. Furthermore, Lpl gene expression was decreased in the SD
animals compared to the LD animals, although the differences were
not significant (P=.095). No differences between the groups were
observed in the expression levels of genes involved in the thermo-
genesis process (Fig. 4B).
3.6. UCP1 protein levels on BAT
Due to significant changes onUcp1 gene expression levels between
the groups of animals fed the STD, we decided to quantify the protein
levels of UCP1 in these animals. The Ucp1 protein levels were
significantly decreased in the SD animals compared to the LD animals
(Fig. 5).
3.7. Principal components analysis
With the purpose of analyzing the distribution of our data and the
association between the variables, we performed a PCA. In rats fed the
STD, PC1 explained 44.73% of the variance and PC2 explained 17.56%
(Supplemental Fig. 2A). PC1 clearly discriminated between the LD and
SD groups and was characterized by TAG, adipocyte number and
Pparα gene expression on the left side and fat (gr, %), adipocyte area
and the expression of all genes analyzed, except Pparα and Prdm16 in
the BAT, in the right side. PC2 did not discriminate between the
photoperiods; however, accumulated caloric intake,weight, leanmass
(gr) and fat (gr, %)were positively associated. Fat (gr, %)was related to
both PCs; however, its association was stronger to the PC2.
In rats fed the CAF diet, PC1 explained 31.80% of the variance and
PC2 explained 22.22% (Supplemental Fig. 2B). Photoperiods were
separated by PC1, which associated fat (%) and adipocyte area with
gene expression in the BAT of Cd36, Had, Lpl and Fadp1. At the same
time, these variables were negatively associated with lean mass (%),
BAT (gr, %), adipocyte number, gene expression of Pparα in the BAT,
and gene expression of Acacα, C/ebpα, Hsl, and Fasn in the RWAT. PC2
did not separate the photoperiods; however, we observed a positive
association between gene expression levels of Mgl, Gpat and Atgl in
the RWAT and gene expression levels of Ucp1 and Prdm16 in the BAT.
These variables were negatively associated with weight, accumulated
caloric intake, fat (gr) and lean mass (gr).
4. Discussion
Obesity is primarily caused by an imbalance between caloric intake
and expenditure, meaning that excess calories will be accumulated as
lipids, especially in theWAT; however, there is an increasing tendency
for new risk factors being found that contribute to obesity, including
changes in the photoperiod [2–4]. Seasonal changes in the photope-
riod helpmammals adapt to the approaching season and augment the
timing of reproduction to the changing environment [33]. Humans
living far from the equator display seasonal differences in the
concentration of hormones related to the molecular clock [34]. Other
seasonal differences have been observed; for example, the decrease in
hours of light during the winter has been associated with seasonal
affective disorder, a medical condition that has been associated with a
predisposition to metabolic syndrome and obesity [35]. Moreover,
there is a large body of evidence regarding the presence of seasonal or
circannual effects in rodents [36,37]. Specifically, Fischer 344 rats have
been well described as responsive to changes in the photoperiod
[24,25,38], as well as the influence of the photoperiod over their body
weight [16,26,39]. For instance, Fischer 344 rats grown during a short
day (SD) show slower gonadal growth [24,25,39], which means that
the cycles of light:dark affect their development. Although there are
several published studies on the influence of the photoperiod in
Fischer 344 rats, to our knowledge, none is focused on the changes in
the WAT and BAT. The objective of this study was to evaluate the role
of the photoperiod on themetabolism ofWAT and BAT and determine
its relationship to diet in order to obtain more information about how
the environment affects obesity. To investigate this effect, we
performed two experiments: one with rats fed an STD diet and
another with rats fed a CAF diet, to study whether a highly palatable
and caloric diet could influence the effects of the photoperiod, as
already suggested by other authors [40].
In our study,we did not observe differences in bodyweight, andwe
only observed a trend of reduced fat in rats fed with an STD on the SD.
Other studies have shown differences of fat caused by exposure to a
short photoperiod in Fischer 344 [16] or in other rodents [17,21],while
other authors showed differences at a body weight level but did not
detect changes specifically in fat [26,41]. Observing our data, the
tendency observed in the fat weight reduction did not seem to be
caused by an increase or decrease in energy intake because no changes
were observed in that parameter in the STD fed rats. Thus, while some
authors using similar experiments detected changes in body mass
through a fluctuation of food intake [16,26], other authors observed
differences in bodyweight or fat but no changes in food intake [21,41].
Shoemaker et al. observed in a study with Fischer 344 rats that
decreases in food intake occurred after decreases in body weight, and
they explain that the changes in bodyweight might be responsible for
the food intake reduction [39]. Though all research to date agrees on
the effect of the photoperiod on body weight, the effect on energy
intake seems to remain unsettled and needs further research. Larkin et
al. showed that rats consumemost of their daily food intake during the
dark phase [42], which means that even though these animals
consume the same number of daily calories as SD animals, their
consumption time is shorter, which would increase their accumula-
tion as fat. Additionally, mice fed a high-fat diet only during the light
phase gain more weight than mice fed only during the dark phase,
even though their calorie intake and locomotor activitywere the same
[43]. Though the authors are unable to provide the mechanism
responsible for these effects, they propose body temperature, satiety
hormones and sleep to be the causes. Thus, in our study, we propose
Fig. 5. UCP1 protein levels in BAT of rats treated with SD or LD photoperiods fed STD.
Protein levels were measured by Western blotting of the protein content of BAT of
Fischer 344 rats fed with STD during 11weeks (n=6) and treated with LD (18 h light: 6
h dark) or SD (6 h light: 18 h dark). Data are normalized to Actb and relativized to the LD
group, set at 100%. The results are presented as the mean±S.E.M., and the data are
compared with Student's t test (*Pb.05).
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that the tendency observed in fat changes might be due to other
mechanisms, including an increased lipid intake by the WAT or
because rats concentrate their daily caloric intake during the dark
phase, influencing their accumulation as fat in the LD group. In future
studies, intake levels in each light:dark phase should be measured.
The rats treated with the LD or SD photoperiods and fed the CAF
diet did not showsignificant differences in bodyweight or in any of the
WAT depots. However, other studies with durations of fewer weeks
showed significant differences in body weight [26] and fat [16,40]. A
possible reason for this could be that the CAF diet could bemasking the
adipose accretion, as Ross et al. has suggested [40]. In their study,
Fischer 344 rats fed an HFD did not show the effect of the photoperiod
over the fat mass, as opposed to their findings in STD rats. Specifically,
while rats fed a standard chowdiet increased their fat mass during the
LD; rats fed an HFD showed no differences in fat accretion between
photoperiods and increased lean mass in the LD compared to the SD
during the 4 weeks of study. On the other hand, food intake can
decouple metabolic processes from the molecular clock when
desynchronized from normal activity patterns [12], meaning that the
CAF diet, which is composed of highly palatable food, could be altering
the normal adaptations of rats to the photoperiod.
To obtain more information about the metabolism of the WAT
during both photoperiods, the expression levels of genes implicated in
important pathways of adipocyte metabolism were studied in the
RWAT. In STD animals, we observed a reduction of Pparγ and C/ebpα
gene expression during the SD photoperiod. Both genes have been
well studied and characterized as key transcription factors of
adipocyte differentiation, lipid metabolism and recruitment of bone-
marrow-derived circulating progenitors cells to WAT [44]. Since both
genes were downregulated in the SD, we could expect to observe the
same effects on downstream genes or adipocyte metabolism genes.
The results confirmed our hypothesis, as we detected a down-
regulation of Fasn and a tendency in Acacα, which are lipogenesis
genes, and at the same time Mgl, Atgl, and Hsl, which are lipolytic
genes, during the SD. This general decrease in both anabolic and
catabolic pathways seems to represent the general state of the tissue:
either mature adipocytes are scarcer during the SD or its metabolic
activity is suppressed compared to the LD.
In accordance to gene expression in RWAT, more TAG were found
in the serum of the SD rats than in the LD rats. TAG from diet, after
digestion and absorption in the intestine, are secreted into the lymph
and shortly after enter into the blood stream where they will be
transported in the form of chylomicrons. From here, TAG will be
assimilated by the adipose tissue, muscle or mammary glands, mostly
as fatty acids [15]. In relation to our results, no differences were
detected in caloric intake, whichmeans that the different TAG content
in serum is not caused by an increased ingestion of TAG. These data
suggest that theWATof SD rats is not absorbing asmuch TAG as the LD
rats, and therefore, it remains in the blood a longer time. Furthermore,
the histology of the RWAT supports the gene expression results
obtained. Thus, the animals treated with an LD photoperiod showed a
higher frequency of larger adipocytes than the SD group; however, it
must be taken into account that the changeswere small, and therefore,
no significant differences were observed in total adipocytes number
and area, though the latter showed a trend to be lower in the SD group
than in the LD group. Adipocyte size depends on the accumulated fat,
and approximately 90% of an adipose cell is made of TAG [15], which
means that adipocyte area or size is correlative with the TAG content.
On the other hand, BAT also absorbs TAG from the blood, having
major responsibility for its clearance [45,46]. Data obtained from the
BAT showed a general decrease in the expression of genes related toβ-
oxidation and lipid uptake which, jointly with the results of RWAT,
could explain the higher TAG serum content during the SD. Thus, we
observed a significant down-regulation in the gene expression of Lpl
and Cd36, which actively participate in the uptake of fatty acids by the
BAT [45,46]; Fatp1, which translocated long-chain fatty acids into the
cytoplasm [47]; and Had, which directly contributes to fatty acid
oxidation in oxidative tissues such as muscle and BAT [48]. The BAT
also takes NEFAs as fuel, which principal origin is the WAT [49];
however, in this experiment, no differences between groups
were found. Moreover, this experiment was performed during a
postprandial state, in which NEFA uptake by the BAT has been found
to be inhibited and might explain the lack of differences between
groups [50].
Additionally, Cpt1b, which controls the incorporation of fatty acids
into the mitochondria for entry into the β-oxidation pathway [51],
seemed to be down-regulated in the SD photoperiod; however, the
differences were not significant. Surprisingly, Pparα, which is a
nuclear receptor protein that targets genes involved in fatty acid
uptake, mitochondrial and peroxisomal β-oxidation of fatty acids [52]
and also has a role activating Ucp1 transcription [53], was up-
regulated in BAT. These results seem contradictory, and a possible
explanation could be that even though Pparα gene expression was
increased, its function was not performed either because of posttran-
scriptional regulation or posttranslational effects or because its ligand
was not present. In fact, although Pparα is activated when bound to
fatty acids, it needs to form a heterodimer with the retinoic X receptor
(RXR) to be able to bind to the DNA and activate its target genes [54].
On the other hand, RXR levels have been found to be influenced by the
photoperiod in the hypothalamus of rodents and to be responsible for
the changes in body weight [55,56]. Furthermore, there is evidence
that RXR can control BAT development and activation [57], that RXR is
needed for adipogenesis and that the disruption of the RXR-Pparγ
transcription machinery reduces adipocyte formation [58]. These
hypotheses are supported by studies that demonstrate that Pparα
regulates BAT thermogenesis, activating Ucp1 and Prdm16 gene
expression [53], which in our study were down-regulated, together
with the studied β-oxidation and lipid uptake genes. Furthermore,
Ucp1 protein levels in BAT were measured, and we obtained the
same result already observed inmRNA,which supports our hypothesis
of an unexpected effect of PparαmRNA. Overall, it seems like the BAT
function is being down-regulated with the decreased exposure to
light, as observed in the WAT. The modulation of the BAT metabolism
by the photoperiodhas also been studiedby other authors, specifically,
Kooijman et al. reported that an LD exposure to mice increased the
accumulation of fat, as observed with our study; however, this was
caused by a down-regulation of the BAT metabolism, an effect that
does not seem to happen in our study [21]. Even so, their study used a
12-h light photoperiod (12 h light: 12 h dark) as a control group,while
we compare our results between two distant photoperiods and so are
unable to determinate what happens in a halfway light exposure.
For the CAF-fed animals, as mentioned above, no changes were
detected at a biometrical level, aside from an increase in BATweight in
the SD photoperiod. For the RWAT, expression of lipogenesis genes
was increased (Acacα, Fasn) and C/ebpα was also up-regulated in the
SDphotoperiod,which seems to indicate higher levels of adipogenesis,
though no differences were detected in Pparγ. Additionally, Fasn
protein levels in the RWAT confirmed what we observed in the RNA
levels. These results are quite contrary towhatwe observed in the STD
animals,whichmight indicate the influence of diet on the effects of the
photoperiod. The changes observed at the mRNA level are in
agreement with the changes observed in the histology of the RWAT.
Thus, we observed that the three parameters analyzed were
significantly altered by the photoperiod, and therefore, the SD rats
appear to expand their adipose tissue via hyperplasia, while the LD
rats suffer hypertrophy. Thus, our results suggest that although both
groups accumulate the same amount of fat, the photoperiod influences
the storage approach for the surplus energy. These results are of great
importance, as an increase in adipocyte size has been related to insulin
resistance and type II diabetes [59,60], and obese patientswith healthy
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metabolic profiles have smaller omental adipocytes [61]. Thus, we
analyzed insulin levels but found no differences between groups.
Although postprandial insulin levels are reliable for the evaluation of
insulin resistance [62], future studies should also evaluate insulin and
glucose fasting levels or a glucose tolerance test.
Linked to these results, it has been reported that rats fed an HFD
with a voluntary intake of sucrose increased their sucrose consump-
tion in the SD photoperiod compared to animals in the control
photoperiod [63]. It has also been suggested that an increased intake of
simple carbohydrates can result in an increase in de novo lipogenesis
in humans [64] and rats [65], the latter also increasing expression of
fatty acid and adipogenesis genes, as in our study. Moreover, Queiroz
et al. showed that feedingWistar rats with a high-sugar diet increased
proadipogenic signals (Pparγ pathway) and adipocyte size and
number, which means that sugar consumption can influence the
morphology of the WAT [66]. All this evidence could explain why, in
our study, animals in the SD group have a different morphology and
gene expression profile than animals in the LD group. According to our
results, the SD animals did not consume more sugar than the LD
animals; however, sugar absorption or sensitivity could be altered. In
future studies, more attention should be focused on this hypothesis.
Related to the morphology of the WAT, even though the aim of this
studywas not to focus on the differences between a STD and CAF diets,
it seems like, overall, animals in the CAF adapt to the increase in caloric
intake increasing the number of adipocytes, thus growing their WAT
through hyperplasia. We are unable to give a proper explanation to
this other than the differences inweeks of both experiments, since age
has been related to differences in the growth mechanism of the WAT
[67], and that the CAF diet might stimulate hyperplasia of the WAT,
explained by other studies that show that high-fat diets induce the
hyperplastic growth of the visceral WAT [68,69].
Interestingly, gene expression levels in BAT of animals fedwith the
CAF diet were also altered between photoperiods, and the changes
observed were directly relatable to the changes observed in animals
fed with the STD, with both experiments showing a decrease of genes
related to lipid uptake andβ-oxidation producedby exposure to an SD.
Furthermore, animals fedwith the CAF diet during the SD photoperiod
showed increased expression levels of Pparα gene, while other
downstream genes showed a decrease in their expression levels,
supporting our hypothesis that Pparα is not performing its expected
function; nevertheless, we cannot provide a proper explanation to
this. Additionally, we observed that the differences between the LD
and SD groups were smaller compared to the BAT in the STD, which
again supports the theory that the diet interferes with the effect of the
photoperiod.
As observed in the PCA, rats fed the STD showed that the weight,
lean mass (gr, %) and accumulated caloric intake were not represen-
tative of any of the photoperiods. On the other hand, fat (gr, %) was
more associated with the LD than the SD photoperiod; however, two
animals seemed to be resistant to these changes, which could explain
why we did not observe strong differences in weight and fat (gr, %)
compared to other authors [16,26,40]. Ross et al. also report that two
animals failed to adapt to their corresponding photoperiod and gained
weight independently of the light exposure [40]. Additionally, some
strains of Fischer 344 rats show a stronger photoperiodic response
than others [70]. Adipocyte area was well associated with the
expression of all genes analyzed in the RWAT and BAT, with the
exception of Pparα and Prdm16 in the BAT. Comparatively, CAF-fed
animals changed the gene expression profile of RWAT. Thus, while in
the STD group, all genes analyzed in RWAT and BAT, with the
exception of Pparα, were positively associated with the LD photope-
riod, in the CAF-fed rats, RWAT genes related to lipogenesis (Fasn and
Acacα), adipogenesis (C/Ebpα) and lipolysis (Hsl) were more associ-
ated with the SD photoperiod, which point towards the effect of the
diet on the photoperiod. Moreover, in the CAF fed animals, fat (%) and
leanmass (%) were negatively associated and representative of the LD
and SD photoperiods, respectively, even though, as already men-
tioned, no differences were observed when directly comparing these
data among the groups.
In conclusion,we demonstrate that the photoperiod has an evident
influence on the adipose tissue and that these effects are different
depending on the diet. Our data indicate that the photoperiod may
affect the adipose tissue of STD fed rats, moderating lipid acquisition
during the SD compared to the LD photoperiod. Our data also support
the hypothesis that an increase in caloric consumption due to a highly
palatable diet could alter the influence of the photoperiod over the
adipose tissue. This investigation shows a more in-depth study of the
WAT and BAT that could be useful for future studies related to the
circannual clock and the effects of diet over the seasonal changes in the
adipose tissue.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jnutbio.2019.04.005.
Acknowledgments
This work was financially supported by the Spanish Ministry of
Economy and Competitiveness (grant numbers AGL2013-49500-EXP,
AGL2016-77105-R). A.G.-R. is a recipient of a predoctoral fellowship
from Universitat Rovira i Virgili–Martí i Franquès (grant number:
2014PMF-PIPF-50). We express deep thanks to Dr. Niurka Llópiz and
Rosa M. Pastor for their technical help and advice.
References
[1] World Health Organization (WHO). Obesity and overweight, factsheet no. 311
[Internet]. [cited 2018 Feb 13]. Available from http://www.who.int/mediacentre/
factsheets/fs311/en/; 2018.
[2] Symonds ME, Sebert S, Budge H. The obesity epidemic: from the environment to
epigenetics - not simply a response to dietary manipulation in a thermoneutral
environment. Front Genet 2011;2:1–10 (MAY).
[3] Keith SW, Redden DT, Katzmarzyk PT, et al. Putative contributors to the secular
increase in obesity: exploring the roads less traveled. Int J Obes 2006;30(11):
1585–94.
[4] Wyse Ca, Selman C, Page MM, et al. Circadian desynchrony and metabolic
dysfunction; did light pollution make us fat? Med Hypotheses 2011;77(6):
1139–44.
[5] Zelinski EL, Deibel SH, McDonald RJ. The trouble with circadian clock dysfunction:
multiple deleterious effects on the brain and body. Neurosci Biobehav Rev 2014;
40:80–101.
[6] Pietroiusti A, Neri A, Somma G, et al. Incidence of metabolic syndrome among
night-shift healthcare workers. Occup Environ Med 2010;67(1):54–7.
[7] Esquirol Y, Bongard V, Mabile L, et al. Shift work and metabolic syndrome:
respective impacts of job strain, physical activity, and dietary rhythms. Chronobiol
Int 2009;26(3):544–59.
[8] Ryu V, Zarebidaki E, Albers HE, et al. Short photoperiod reverses obesity in
Siberian hamsters via sympathetically induced lipolysis and browning in adipose
tissue. Physiol Behav 2017;(April):0–1.
[9] Goldman BD. Mammalian photoperiodic system : of photoperiodic time
measurement. J Biol Rhythm 2001;16(4):283–301.
[10] Paul MJ, Zucker I, Schwartz WJ. Tracking the seasons: the internal calendars of
vertebrates. Philos Trans R Soc B 2008;363(1490):341–61.
[11] Ko CH, Takahashi JS. Molecular components of the mammalian circadian clock.
Hum Mol Genet 2006;15(Suppl. 2):271–7.
[12] Mazzoccoli G, Pazienza V, Vinciguerra M. Clock genes and clock-controlled genes
in the regulation of metabolic rhythms. Chronobiol Int 2012;29(3):227–51.
[13] Kanikowska D, Sato M, Witowski J. Contribution of daily and seasonal biorhythms
to obesity in humans. Int J Biometeorol 2015;59(4):377–84.
[14] T R, B P, Reilly T, et al. Seasonal variations in health-related human physical
activity. Sport Med 2006;36(6):473–85 13p.
[15] Newsholme E. Leech T. functional biochemistry in health and disease. 1st ed. Vol.
53, Wiley-Blackwell. Singapore: Wiley-Blackwell; 2010; 543.
[16] Togo Y, Otsuka T, Goto M, et al. Photoperiod regulates dietary preferences and
energy metabolism in young developing Fischer 344 rats but not in same-age
Wistar rats. Am J Physiol - Endocrinol Metab 2012;303(6):E777–86.
[17] Bartness TJ. Photoperiod, sex, gonadal steroids, and housing density affect body
fat in hamsters. Physiol Behav 1996;60(2):517–29.
[18] Chechi K, Carpentier AC, Richard D. Understanding the brown adipocyte as a
contributor to energy homeostasis. Trends Endocrinol Metab 2013;24(8):408–20.
[19] Fenzl A, Kiefer FW. Brown adipose tissue and thermogenesis. Horm Mol Biol Clin
Invest 2014;19(1):25–37.
89A. Gibert-Ramos et al. / Journal of Nutritional Biochemistry 70 (2019) 82–90
[20] Whittle A, Relat-Pardo J, Vidal-Puig A. Pharmacological strategies for targeting
BAT thermogenesis. Trends Pharmacol Sci 2013;34(6):347–55.
[21] Kooijman S, Van Den Berg R, Ramkisoensing A, et al. Prolonged daily light
exposure increases body fat mass through attenuation of brown adipose tissue
activity. Proc Natl Acad Sci 2015;112(21):6748–53.
[22] Demas GE, Bowers RR, Bartness TJ, et al. Photoperiodic regulation of gene
expression in brown and white adipose tissue of Siberian hamsters (Phodopus
sungorus). Am J Physiol Regul Integr Comp Physiol 2002;282:R114–21.
[23] Zhang X, Zhao Z, Vasilieva N, et al. Effects of short photoperiod on energy intake,
thermogenesis, and reproduction in desert hamsters (Phodopus roborovskii).
Integr Zool 2015;10(2):207–15.
[24] Heideman PD, Sylvester CJ. Reproductive photoresponsiveness in unmanipulated
male Fischer 344 laboratory rats. Biol Reprod 1997;57(1):134–8.
[25] Heideman PD. Inhibition of reproductive maturation and somatic growth of
Fischer 344 rats by photoperiods shorter than L14:D10 and by gradually
decreasing photoperiod. Biol Reprod 2000;63(5):1525–30.
[26] Tavolaro FM, Thomson LM, Ross aW, et al. photoperiodic effects on seasonal
physiology, reproductive status and hypothalamic gene expression in young male
F344 rats. J Neuroendocrinol 2015;27:79–87.
[27] Baselga-Escudero L, Pascual-Serrano A, Ribas-Latre A, et al. Long-term supple-
mentation with a low dose of proanthocyanidins normalized liver miR-33a and
miR-122 levels in high-fat diet-induced obese rats. Nutr Res 2015;35(4):337–45.
[28] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2-ΔΔCT method. Methods 2001;25(4):402–8.
[29] Rueden CT, Schindelin J, Hiner MC, et al. ImageJ2: ImageJ for the next generation
of scientific image data. BMC Bioinf 2017 Dec 29;18(1):529.
[30] Fortuño-Mar A, Cryobiopsy Pasquali P. cryoanesthesia, and cryoanalgesia. In:
Pasquali P, editor. Cryosurgery: a practical manual. Berlin, Heidelberg: Springer
Berlin Heidelberg; 2015. p. 85–91.
[31] Eriksson-Hogling D, Andersson DP, Bäckdahl J, et al. Adipose tissue morphology
predicts improved insulin sensitivity following moderate or pronounced weight
loss. Int J Obes 2015;39(6):893–8.
[32] Lemonnier D. Effect of age, sex, and site on the cellularity of the adipose tissue in
mice and rats rendered obese by a high-fat diet. J Clin Invest 1972;51(11):
2907–15.
[33] Bronson FH. Mammalian reproduction: an ecological perspective. Biol Reprod
1985 Feb;32(1):1–26.
[34] Küller R. The influence of light on circarhythms in humans. J Physiol Anthropol
Appl Hum Sci 2002;21(2):87–91.
[35] Rintamäki R, Grimaldi S, Englund A, et al. Seasonal changes in mood and behavior
are linked to metabolic syndrome. PLoS One 2008;3(1).
[36] Ferguson Sa, Maier KL. A review of seasonal/circannual effects of laboratory
rodent behavior. Physiol Behav 2013;119:130–6.
[37] Ebling FJP. On the value of seasonal mammals for identifying mechanisms
underlying the control of food intake and body weight. Horm Behav 2014;66(1):
56–65.
[38] Ross AW, Helfer G, Russell L, et al. Thyroid hormone signalling genes are regulated
by photoperiod in the hypothalamus of F344 rats. PLoS One 2011;6(6).
[39] Shoemaker MB, Heideman PD. Reduced body mass, food intake, and testis size in
response to short photoperiod in adult F344 rats. BMC Physiol 2002;2:11.
[40] Ross AW, Russell L, Helfer G, et al. Photoperiod regulates lean mass accretion, but
not adiposity, in growing F344 rats fed a high fat diet. PLoS One 2015;10(3):1–17.
[41] Boon P, Visser H, Daan S. Effect of photoperiod on body mass, and daily energy intake
and energy expenditure in young rats. Physiol Behav 1997 Oct;62(4):913–9.
[42] Larkin LM, Moore BJ, Stern JS, et al. Effect of photoperiod on body weight and food
intake of obese and lean Zucker rats. Life Sci 1991;49(10):735–45.
[43] Arble DM, Bass J, Laposky AD, et al. Circadian timing of food intake contributes to
weight gain. Obesity (Silver Spring) 2009;17(11):2100–2.
[44] Hausman Gary J, Hausman DB. Search for the preadipocyte progenitor cell. J Clin
Invest 2006;116:3103–6.
[45] Khedoe PPSJ, Hoeke G, Kooijman S, et al. Brown adipose tissue takes up plasma
triglycerides mostly after lipolysis. J Lipid Res 2015;56(1):51–9.
[46] Bartelt A, Bruns OT, Reimer R, et al. Brown adipose tissue activity controls
triglyceride clearance. Nat Med 2011;17(2):200–6.
[47] Wu Q, Ortegon AM, Tsang B, et al. FATP1 is an insulin-sensitive fatty acid
transporter involved in diet-induced obesity FATP1 is an insulin-sensitive fatty
acid transporter involved in diet-induced obesity. Mol Cell Biol 2006;26(9):
3455–67.
[48] Lehninger A, Nelson DL, Cox MM. Lehninger principles of biochemistry. Book;
2008.
[49] Carpentier AC, Blondin DP, Virtanen KA, et al. Brown adipose tissue energy
metabolism in humans. Front Endocrinol (Lausanne) 2018 Aug 7;9:447.
[50] U Din M, Saari T, Raiko J, et al. Postprandial oxidative metabolism of human brown
fat indicates thermogenesis. Cell Metab 2018 Aug 7;28(2):207–216.e3.
[51] Schreurs M, Kuipers F, Van Der Leij FR. Regulatory enzymes of mitochondrial β-
oxidation as targets for treatment of the metabolic syndrome. Obes Rev 2010;11
(5):380–8.
[52] Mandard S, Müller M, Kersten S. Peroxisome proliferator-activated receptor a
target genes. Cell Mol Life Sci 2004;61(4):393–416.
[53] Barberá MJ, Schlüter A, Pedraza N, et al. Peroxisome proliferator-activated
receptor α activates transcription of the brown fat uncoupling protein-1 gene. A
link between regulation of the thermogenic and lipid oxidation pathways in the
brown fat cell. J Biol Chem 2001;276(2):1486–93.
[54] Contreras AV, Torres N, Tovar AR. PPAR- as a key nutritional and environmental
sensor for metabolic adaptation. Adv Nutr An Int Rev J 2013;4(4):439–52.
[55] Ross AW, Webster CA, Mercer JG, et al. Photoperiodic regulation of hypothalamic
retinoid signaling: association of retinoid X receptor with body weight.
Endocrinology 2004;145(1):13–20.
[56] Helfer G, Ross AW, Russell L, et al. Photoperiod regulates vitamin A and Wnt/β-
catenin signaling in F344 rats. Endocrinology 2012;153(2):815–24.
[57] Nie B, Nie T, Hui X, et al. Brown Adipogenic reprogramming induced by a small
molecule. Cell Rep 2017;18(3):624–35.
[58] Bai P, Houten SM, Huber A, et al. Peroxisome proliferator-activated receptor
(PPAR)-2 controls adipocyte differentiation and adipose tissue function through
the regulation of the activity of the retinoid X receptor/PPARγ heterodimer. J Biol
Chem 2007;282(52):37738–46.
[59] Weyer C, Foley JE, Bogardus C, et al. Enlarged subcutaneous abdominal adipocyte
size, but not obesity itself, predicts type II diabetes independent of insulin
resistance. Diabetologia 2000;43(12):1498–506.
[60] Jernås M, Palming J, Sjöholm K, et al. Separation of human adipocytes by size:
hypertrophic fat cells display distinct gene expression. FASEB J 2006;20(9):1540–2.
[61] O'Connell J, Lynch L, Cawood TJ, et al. The relationship of omental and
subcutaneous adipocyte size to metabolic disease in severe obesity. PLoS One
2010;5(4).
[62] Saxena P, Prakash A, Nigam A. Efficacy of 2-hour post glucose insulin levels in
predicting insulin resistance in polycystic ovarian syndrome with infertility. J
Hum Reprod Sci 2011 Jan;4(1):20–2.
[63] Sinitskaya N, Schuster-Klein C, Guardiola-Lemaitre B, et al. Short day-length
increases sucrose consumption and adiposity in rats fed a high-fat diet.
Psychoneuroendocrinology 2008;33(9):1269–78.
[64] McDevitt RM, Bott SJ, Harding M, et al. De novo lipogenesis during controlled
overfeeding with sucrose or glucose in lean and obese women. Am J Clin Nutr
2001 Dec;74(6):737–46.
[65] Shankar K, Harrell A, Kang P, et al. Carbohydrate-responsive gene expression in
the adipose tissue of rats. Endocrinology 2010 Jan;151(1):153–64.
[66] de Queiroz KB, Coimbra RS, Ferreira AR, et al. Molecular mechanism driving
retroperitoneal adipocyte hypertrophy and hyperplasia in response to a high-
sugar diet. Mol Nutr Food Res 2014;58(12):2331–41.
[67] Bonzón-Kulichenko E, Moltó E, Pintado C, et al. Changes in visceral adipose tissue
plasma membrane lipid composition in old rats are associated with adipocyte
hypertrophy with aging. J Gerontol Ser A 2018 Aug 10;73(9):1139–46.
[68] Wang QA, Tao C, Gupta RK, et al. Tracking adipogenesis during white adipose tissue
development, expansion and regeneration. Nat Med 2013 Oct 1;19(10):1338–44.
[69] Jeffery E, Church CD, Holtrup B, et al. Rapid depot-specific activation of adipocyte
precursor cells at the onset of obesity. Nat Cell Biol 2015 Apr 2;17(4):376–85.
[70] Ross AW, Johnson CE, Bell LM, et al. Divergent regulation of hypothalamic
neuropeptide Y and agouti-related protein by photoperiod in F344 rats with
differential food intake and growth. J Neuroendocrinol 2009;21(7):610–9.
90 A. Gibert-Ramos et al. / Journal of Nutritional Biochemistry 70 (2019) 82–90
